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Miner. 27, 310 (2000 (17) , whereas the parameter W MgCa = 8000 + 300P (J/mol, P in GPa) is refined by using the experimental data (13) . Trial refinements showed no improvement to the fit of the data when nonideal mixing on the garnet octahedral site was included or when a reciprocal solution model was used. Cl, Cl-poor basalts approach the composition of uncontaminated, mantle-derived magmas. Thus, most or all oceanic lavas are contaminated to some extent during their emplacement. MORB-source mantle has d 37 Cl ≤ -1.6 per mil (‰), which is significantly lower than that of surface reservoirs (~0‰). This isotopic difference between the surface and deep Earth results from net Cl isotopic fractionation (associated with removal of Cl from the mantle and its return by subduction over Earth history) and/or the addition (to external reservoirs) of a late volatile supply that is 37 Cl-enriched. C hloride is the major anion in most geological fluids. Chlorine is volatile, incompatible during silicate melting, and water soluble. For these reasons, geological processesincluding partial melting, magma degassing, hydrothermal activity, and weathering-have concentrated Cl at the surface, particularly in the ocean, evaporites, and crustal brines. Considering only the MORB-source mantle and surface reservoirs, we can estimate that the former, with 1 to 8 parts per million (ppm) of Cl (1-3), contributes a maximum of~20% to the Cl budget and perhaps much less, given the difficulty in obtaining a complete inventory of crustal brines. Earth's Cl budget may thus differ from that of most other abundant and geochemically important volatiles (e.g., H 2 O, CO 2 ). return by subduction led to substantial net Cl isotopic fractionation (isotopic steady state). Such a conclusion is consistent with the apparent (i) lack of secular change in d
37
Cl in sediments (10) [although data include large, unexplained variations about the long-term mean, from -3.2 to +2.5‰ (10) ] and (ii) lack of Cl isotope fractionation through the subduction-related partial loss of Cl (11) inherited from oceanic alteration. However, Cl isotope fractionation of up to 8‰ has been seen in surface reservoirs during alteration of the oceanic lithosphere (11) (12) (13) (14) (15) and/or in sedimentary settings (16) (17) (18) .
We determined the Cl contents and isotopic compositions of 22 MORB samples using a lowblank method (15, 19) involving the extraction of structurally bound Cl by pyrohydrolysis, followed by gas-source, dual-inlet mass spectrometric measurements. Analytical yields average 100 ± 8%, blanks are typically 7% of the sample chloride analyzed, and the whole-procedure external precision for d (table S1 ). There is substantial evidence that some terrestrial lavas are contaminated with surficial Cl to some extent (1, 2, 20, 21) because of the enormous contrast in Cl concentrations between primary magmas (about <80 ppm) and surficial waters and rocks (typically 1000s ppm). Our sample suite spans a relatively large range in Cl concentration (42 to 701 ppm), so we can examine how the samples vary with isotopic composition.
Our d
Cl values for MORB glasses range from -1.9 to -0.1‰ and increase with Cl concentration ( fig. S2 ), which is far above the value of -9.8 ± 4.3‰ needed to explain the trend in Fig. 1 . Thus, the d 37 Cl-1/Cl trend reflects real, coupled variations in Cl concentration and isotopic composition of MORBs, not laboratory contamination. Because Cl is highly incompatible [partition coefficient D lherzolite/silicate-melt 0.002 (22)] and does not undergo speciation changes by partitioning between silicate minerals and melts during crystallization or melting, variable degrees of partial melting or extents of crystallization should produce only negligible Cl isotope fractionation at magmatic temperatures (23, 24) . Because our MORBs were collected from relatively great depths (≥ 1800 mbsl) and have relatively low Cl contents (≤701 ppm), they remained undersaturated with Cl during eruption (25, 26) Cl range of altered oceanic rocks is denoted by the vertical gray arrow (11). For our study, the weighted least-squares fit for all MORB (y = -0.052x -0.378; R 2 = 0.72) is shown (dashed line). Error bars on Cl contents (1s) are indicated when larger than the symbol. Error bars on d
Cl values (1s) represent the whole-procedure external uncertainty ± 0.14‰ (determined on repeat extractions and analyses of various amounts of our internal reference-rock standard SO100DS92) (19) . For the Sharp et al. data (10) : reported Cl contents are those acquired by independent measurements of glass fragments by ion or electron microprobe; no uncertainties on Cl content were reported; error bars on d
Cl data (one analysis per sample) represent the d 37 Cl-measurement errors determined on replicate analyses of seawater samples, either by continuous-flow or dual-inlet modes (±0.26 and ±0.10‰, respectively), not total analytical uncertainty for silicate samples with structurally bound Cl. This study Sharp et al, 2007 t o m a n t le v a lu e Error bars on K/Cl (1s) are indicated when larger than the symbol. K/Cl average values (diamonds) and the 1s intervals (dashed arrows) calculated from data on N-MORBs and E-MORBs (black and gray, respectively) documented in (2) and expected to not have experienced contamination [because they were collected in areas with low magma flux (i.e., slow spreading rate and low extent of melting)]. The consistency of the trends observed here (as well as in Fig. 1 ) from the least (lowest d 37 Cl) to the most contaminated samples for both suites-and even for samples showing K/Cl ≥ 12.5, a value previously suggested to reflect the lower limit for uncontaminated MORB (2)-suggests that it is perhaps inevitable that the Cl budget of MORB is influenced by such contamination. Accordingly, d
37 Cl values of MORB would be a more sensitive index of the extent of contamination than K/Cl values. (Fig. 1) Cl end-member of the mixing trend is within the range of compositions of seawater or on-axis high-temperature hydrothermal fluids [both 0‰ (5, 6, 27) ] and altered oceanic rocks [about -0.7 ± 0.4‰ (11) 
Because K is an incompatible element and is enriched in lavas due to assimilation far less than Cl is, K/Cl ratios have been used as an index of assimilation (1, 2, 20) . Thus, the fact that our samples with the lowest K/Cl values also have the highest d 37 Cl (and vice versa; samples SO22-17D and MD57D-7-2, respectively) supports our interpretations of the trend in Fig. 1 (i. e., high-Cl, highd Fig. 2 is fortuitous and would not be observed in a broader and more representative sampling. In particular, N-and E-MORBs have been distinguished here by their K/Ti ratios, though Ti is heterogeneous in the mantle (28, 29) . Also, the distinct K/Cl ratios among our E-and N-MORB samples result mainly from higher K contents of E-MORBs, not from distinct Cl contents. Nevertheless, this result, taken at face value, could reflect differences in K/Cl ratio and/or d
Cl value between the mantle sources of E-and N-MORBs. At one extreme, the mantle sources of N-and E-MORBs may be comparable in d
Cl, but E-MORBs are higher in K/Cl ratios than N-MORBs [contrary to what has been previously suggested; e.g., (2)]. One possible explanation for such a difference is that E-MORB sources contain larger fractions of subducted material that are rich in K but relatively poor in Cl, perhaps because most of Cl in subducted slabs is returned to the surface by arc volcanism rather than being efficiently recycled. Alternatively, these two types of mantle sources might be similar in K/Cl ratio (∼34; see diamonds in Fig. 2 ), but N-MORB sources are lower in d
Cl than E-MORB sources. Assuming that our MORB samples with the lowest Cl concentrations are the least contaminated by seawater-derived Cl, we estimate that the MORB-source mantle (depleted and enriched parts) is characterized by a d
Cl value of -1.6‰ or less, which is lower than values previously proposed (9, 10). The different value of Magenheim et al. (9) can be ascribed to analytical errors in the TIMS-based measurements (15) . The cause of the difference from the results of Sharp et al. (10)-the methods of which are more similar (though not identical) to ours-is unclear. Assuming that both data sets are analytically accurate, it is difficult to ascribe the discrepancy to a difference in sample selection, because their suite includes some samples with relatively high d
Cl and low nominal Cl contents, which is incompatible with the d 37 Cl-1/Cl trend for our data (Fig. 1) . It also seems unlikely that the diverse suite of nominally MORBs we examined (from the three main oceans and showing large variations in parameters such as Na 8.0 , K/Ti, K/Cl, and spreading rate) would yield the simple d Cl value unmodified by contamination is ≤ -1.6‰, which is significantly more negative than that of the surface reservoirs (∼0‰). This isotopic difference might result from (i) systematic 37 Cl enrichment in surface reservoirs and corresponding depletion in the mantle via long-term Cl extraction from and return to the mantle and/or (ii) a primary 37 Cl enrichment of the surface Cl of early Earth due to a late supply of volatile-rich material (30) , which was enriched with 37 Cl as compared with the material from which Earth was mainly accreted. In the first case, because the mantle now contains at least one-fifth as much Cl as surface reservoirs, any d
Cl variations resulting from these longterm exchanges will be more important in the mantle or mantle-derived magmas than in the oceans or sedimentary rocks. The second hypothesis finds support from our current knowledge of the Cl cycle, because the subduction flux shows substantially higher d 37 Cl (preliminarily estimated from serpentinites, average d 37 Cl = -0.7 ± 0.4‰) (11) 
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Materials and Methods
Descriptions of the whole analytical procedure used for measuring Cl contents and isotopic compositions of silicate samples and the experiments run for its validation have been detailed and validated in a previous publication (S1) and are only summarized herein. The main steps of the procedure consist of chlorine extraction from powdered samples by pyrohydrolysis and chloride conversion to CH 3 Cl gas for isotope ratio determination by gassource, dual-inlet mass spectrometry.
Sample preparation
Prior to crushing, centimeter size pieces of fresh glass are sonicated at least twice in filtered-deionised High-Performance Liquid Chromatography (HPLC) quality water. This step avoids any contamination due to sample collection, handling or preparation. Perfect pieces of glass from the 200-400 µm fraction are hand-picked under a binocular microscope before the fine crushing step in order to avoid any contamination from altered material. After cleaning in deionized water and drying, selected fragments are crushed and grounded to a grain size of less than 160 µm. The resulting powder is dried in a closed oven at atmospheric pressure at 80°C for at least 6 hours.
Extraction of structural-chlorine from silicates by pyrohydrolysis
The powdered sample is intimately mixed in a platinum boat with 5 to 6 times its 
Cl-content determination
An aliquot of the pyrohydrolysis solution is reserved for the HPLC determination of Cl content. Cl content of the neutralized aliquot is determined by comparison with five standard solutions with Cl concentrations in the range defined by samples. The accuracy of Cl content determination by HPLC is estimated to be better than 5%. Cl concentration of the pyrohydrolysed sample is calculated on the basis of HPLC measurements and the mass of sample fused. This calculated Cl concentration is compared to the recommended value determined by electron microprobe.
Cl contents of polished sections of glass were determined with a Cameca SX100 electron microprobe at the CAMPARIS centre (Paris 6 University, France). The analytical conditions used are 15 kV accelerating voltage, 100 nA sample current, 20 µm beam size, 400 s counting time for one point (S2). At least six spots were analyzed on each polished section and a mean value calculated to average out heterogeneity effects. Results were corrected using a calibration based on international reference samples (JDF2, TR154-21D-3, EN112-7D-13 and TR138-6D-1, analyzed in (S2)). δ
Cl Measurements
In the pyrohydrolysis solution, chlorine from the sample is in chloride form, which is then converted into CH 3 Cl gas and purified from excess CH 3 I gas following the method described by (S3) and (S4). This method has been cross-calibrated with three other laboratories (S5).
Seawater aliquots of laboratory reference material, Atlantique 2 (North Atlantic Ocean, 36°43'N and 11°36'N; (S5)) were prepared and treated as and with the sample solutions. The seawater volumes used cover the range of Cl content pyrohydrolysed MORB samples analyzed the same day. Seawater aliquots are analyzed isotopically against the reference gas before and after each batch of typically two MORB samples analyzed. This procedure checks for instrumental drift during the day, and allows direct comparison between the sample and the seawater reference. The isotopic composition of the sample is compared to the daily average of isotopic compositions of seawater aliquots of size comparable to the MORB sample size, to make a correction for the CH 3 Cl conversion/purification blank and for the instrumental background (mainly the gas chromatograph and the mass spectrometer). 
Validation and statistical characteristics of the whole-procedure used in this study
In the absence of international rock reference materials for δ 37 Cl measurements, we were particularly careful to check blanks, extraction yields (Cl extracted compared to recommended Cl contents), CH 3 Cl conversion yields (converted CH 3 Cl is quantified with a calibrated pressure gauge after CH 3 I purification and compared to recommended Cl contents) and reproducibilities on both Cl and δ 37 Cl measurements. Notably, various amounts of the internal reference sample SO100DS92 (~ 2 to 60 µmol of Cl equivalent) have been pyrohydrolysed and analyzed (Table S2 ). Accurate isotopic determinations require: (i) quantitative recovery of chlorine during pyrohydrolysis and CH 3 Cl conversion to avoid possible isotope fractionation, and (ii) no contamination by a Cl-rich material during both of these steps. To our knowledge, no previous δ 37 Cl study of Cl-poor igneous rocks has consistently demonstrated quantitative analytical yields and evaluated the whole-method blanks.
Extraction yields
The quality of the pyrohydrolysis extraction was checked on three Cl-content international reference materials from the Geological Survey of Japan (GSJ) and two laboratory glass standards (including SO100DS92) with Cl contents between 39 and 9042 ppm (S1). The Pyrohydrolysis/HPLC method leads to overall Cl extraction yields of 100 ± 8% (1σ). Following Eggenkamp's recommendation and our own experience, only analyses with yields between 85 and 115% should be considered reliable. We believe that heterogeneity of natural samples, uncertainties in the recommended Cl-contents and the HPLC 5% uncertainties can account for most of this observed yield range.
Whole-procedure blanks
Pyrohydrolysis blanks are lower than 0.5 µmol, corresponding to less than 16 wt% of the sample chloride analyzed in this study for the lowest Cl samples (and generally much less for higher-Cl samples, the average blank for all samples is typically 7%). Moreover, the fact that all samples of varying Cl concentrations (between 39 and 9042 ppm) show similar yields also argues in favor of a low pyrohydrolysis blank (S1). In terms of Cl-concentations, the pyrohydrolysis blank has no significant effect even for small amounts of Cl extracted from SO100DS92 (see Fig. S1a ).
As the Cl whole-procedure blank (including powdering the samples and their handling, pyrohydrolysis and CH 3 Cl preparation/purification) is much below the minimum amount required for δ 37 Cl measurements by dual-inlet mass spectrometry (~ 2 µmole), its δ 37 Cl signature had to be estimated indirectly. The method adopted consists in evaluating the effect of the whole-procedure blank on extractions/analyses of various amounts of the reference rock SO100DS92 (equivalent to 2 to 59 µmoles of Cl). The fact that there is no correlation between the δ 37 Cl determination and the amount of laboratory reference material fused (Fig. S1b) or Cl extraction yields (Fig. S1c) shows that the whole-procedure blanks have only small effects on the determination of the δ 37 Cl value of the reference rock. Therefore, the whole-procedure blanks have δ 37 Cl values close to that of SO100DS92 (ca. -0.5‰). Interval estimation with
Monte Carlo simulation based on data from repeated extractions/analyses of different amount of SO100DS92 suggests that our analytical blank has a δ 37 Cl value of -0.3 ± 2.2‰ (95% probability) (Fig. S2 ).
Uncertainties on δ 37 Cl measurements for silicate samples
During the course of this study, the mean reproducibility on internal reference seawater Atlantique 2 (see ref.
(S5) for details) was ± 0.12‰ (1σ) for 50 analyses. The external precision of the whole method for the δ
37
Cl determination of structural chlorine from silicate samples, estimated through replicate analyses of SO100DS92, is ± 0.14‰ (n=15; 1σ; Table S2 ).
Potential effect of an analytical blank on MORB δ 37 Cl measurements
We can test whether the δ 37 Cl vs. 1/Cl relationship observed in Fig. 1 results from contamination by an analytical blank of less than 0.5 µmole (maximum measured blank). The mixing hyperbola for MORB samples (equivalent to the the linear relationship in Fig. 1 ) and its upper and lower 95% confidence limit curves are shown in Fig. S2 . This set of curves cuts the upper limit of measured blank size (0.5 µmole) for δ 37 Cl values between -5.5 and -14.1 ‰, indicating that δ 37 Cl value of the potential blank should be in this range to explain the δ 37 Cl vs. 1/Cl relationship for MORB samples. This range does not match that determined by repeat extraction/analyses of the reference-rock SO100DS92 (n = 15), which instead define a blank ranging from ~ -2.5 to 2‰ (Fig. S2 ). Therefore it is highly unlikely that our analytical blank can explain the δ 37 Cl-1/Cl relationship seen in Fig. 1 . (Table S2) . 
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